Currently, the problems related to the development of seepage are emerging more and more frequently. For this reason, there is a constant need to improve the existing methods, and to develop new ones, for determining the direction and intensity of the development of seepage processes occurring in earth-fill dams and their foundations. The analysed earth-fill dam is located in Pieczyska in the Kujawy-Pomerania province at 49.115 km from the river mouth of the Brda River. The catchment area is 4.109 km². The article aims to verify the non-invasive, non-subjective method for examining the direction of seepage through earth-fill dams using the modified scalar product approach, which allows to determine the direction and intensity of the seepage process. A proper analysis of this process can greatly reduce the repair costs (injections or other methods of sealing), and significantly increase the safety of the existing earth-fill dams. In the case of the dam in Pieczyska, in 2010-2015, the two piezometers (located on the left abutment of the dam and denoted as P15A and P60) exhibited a direct hydraulic connection with the upstream water level (the scalar product approach). For the study dam, the "source" piezometer (to which all the piezometers in its surrounding exhibited similar changes in water levels) turned out to be the piezometer P15A. This fact was confirmed both by the number of connections between the individual piezometers and the resulting system of equipotential lines for the dam.
INTRODUCTION
Construction Law defines a structure as any building object which is not a building or an object of small architecture, such as earth-fill structures, or hydraulic structures [Ustawa… 1994 ]. Earth-fill dams, which belong to the group of hydraulic structures, are built with native soil, split stone, as well as rubble. Due to stability requirements, to build earth-fill dams, large quantities of material are required. Due to their size and weight, they are the largest and heaviest of engineering structures. Earth-fill dams are designed primarily for water impounding. It is assumed that they impound water to the height of more than 15 m, thus creating large bodies of water with a volume in excess of 15·10 6 m 3 . The purpose of water impounding is, e.g., using the resulting reservoir as storage of water to supply towns, housing estates, industrial plants, for energy production, flood protection, navigation and recreation [DEPCZYŃSKI, SZAMOWSKI 1999] .
All building structures used for storage, impounding and transportation of water, are vulnerable to damage and failures. One of the direct causes of failures of hydraulic structures may be the phenomenon of seepage, improper operation of drainage equip-ment, or leaching of soil material from the dams or their foundations [DEPCZYŃSKI, SZAMOWSKI 1999; YUAN, ZHONG 2016] . The phenomenon of seepage is observed when the water is in a free state, fills all the pores in the soil, these pores have a size allowing water to move in them under the force of gravity or differential pressure [WIŁUN 2001] .
In order to ensure the safety and reliability of hydraulic structures, constant monitoring is required [JIE et al. 2012; KLEDYŃSKI 2011a] . Continuous observation aims to assess the condition of a building structure as well as to record and predict any failures in its structure and foundation. The basic form of monitoring earth-fill dams are e.g. piezometric measurements, which allow for measuring water levels in the open standpipe piezometer or measuring water pressure in the closed standpipe piezometer. Thanks to these measurements, it is possible to control the intensity of seepage through an impounding structure and thus to assess the durability and the safety of the structure performance [KLEDYŃSKI 2011a, b] . Monitoring water levels in piezometers also allows for the identification of anomalies occurring in earth-fill dams. As far as safety of hydraulic structures is concerned, the most favorable situation is when water levels in the piezometers oscillate around a constant value. This phenomenon proves stable seepage processes occurring in the head and in the foundation of the dam. The increasing (or decreasing) trend may indicate the movement of small particles in the core or in the foundation, which eventually may lead to the local exceedance the of permissible seepage gradients, and thus lead to a situation posing a threat to the safety of the dam [MOLSKI 2012] . Thanks to systematic measurements, it is possible to effectively prevent a potential disaster using warning systems or alarms, as well as to plan modernization of the structure in advance.
One of the methods to study the direction of seepage through the earth-fill dam is the scalar product approach [OPYRCHAŁ et al. 2007] . This article analyzes the modification of this approach and its use for studying the directions of seepage on the example of the dam in Pieczyska.
MATERIAL AND METHODS
The Koronowo reservoir is located in the Kujawy-Pomerania province. It was created by the earthfill dam built on the Brda River at 49+115 km from river mouth, in Pieczyska. It covers an area of approximately 15.6 km 2 , while its total capacity amounts to 80.6·10 6 m 3 . Table 1 demonstrates the basic parameters of the Koronowo reservoir. The accumulation of water in the reservoir is used in the hydroelectric power station located in the town of Samociążek. The plant generates power equal to 26 MW and produces an average of 40.84 GWh of electricity annually. The Koronowo reservoir also plays a recreational function (data of the Koronowo Hydroelectric Power Station). The earth-fill dam in Pieczyska closes the catchment area of 4.109 km 2 . It impounds water to the elevation of 81.50 m a.s.l., and in emergency cases (e.g. failure of the power plant), to the elevation of 82.00 m a.s.l. The basic parameters of the Koronowo dam are presented in Table 2 . The upstream slope of the head of the dam, at the section between 84.50 and 75.00 m a.s.l., was secured with concrete slabs, and the downstream slope -by turfing. The Koronowo barrage is not equipped with a spillway. In the case of reservoir overfilling, the water will overflow through the land depression in the area of the eastern end of the Lake Białe.
The subsoil of the dam is layered. It is built of medium sand (MSa), fine sand (FSa) and sandy gravel (grSa), and locally of poorly permeable silty sand (grsiSa, grclSa). The body of the dam in Pieczyska was made of fine-grained and middle-grained sand using the deposition method. The dam is equipped with a two-channel, reinforced concrete bottom outlet, used to transport water from the upstream to the lower level, as well as to periodically flush the old bottom of the Brda River in Koronowo. The outlet locks in the form of double steel flat gate valves with electric drive are located in the gate control house. In the area of the outlet basin, behind the outlets from the channels of the bottom vent, chicanes were used for security reasons. Below the basin, the bottom and the slopes of the Brda River have been reinforced with concrete slabs with drainage holes filled with aggregate at the length of 130 m (data of the Koronowo Hydroelectric Power Station). The dam has 91 piezometers for control measurements (82 of them are active). Figure 1 demonstrates the distribution of the piezometers at measurement sections of the earth-fill dam in Pieczyska. The measurements of changes in the water table covering the period of six years (from 2010 to 2015) in 82 open standpipe piezometers were analyzed for the Koronowo dam. Research studies regarding the directions of seepage in earth-fill dams are carried out basing on the measurements of water levels in piezometers. Each earth-fill dam is equipped with such devices. The hydraulic contact between piezometers is confirmed on the basis of similarity in changes in water levels. Some piezometers react to the changes in the upstream or downstream water level, others react to precipitation. If the reaction to changes in the upstream water is high, it means lack of water tightness of the anti-seepage security devices, and repair of the dam is implemented [KLEDYŃSKI 2006 ]. This inference, however, is subjective. The research method presented in this article is largely devoid of subjectivity, as it is based on the method of quantitative analysis, which uses the scalar product approach and the selected methods of mathematical statistics. The scalar product approach is based on the following reasoning: if there is hydraulic contact between the seepage region of a specific piezometer and the upstream water level (WG), then the water level in the piezometer will depend on the upstream water level. Analyzing the similarity in the course of the changes of water levels in the piezometer and changes in the upstream water level, conclusions can be drawn about the degree of hydraulic contact between the piezometer region and the upstream water level. In the scalar product approach, in order to determine the degree of similarity of changes in the water levels in the piezometer and in the upstream water level, algebraic operators and tools of mathematical analysis are used. The diagram illustrating the time series of the water levels in the analyzed piezometers is prepared in a two-dimensional continuous space, which is the Cartesian product of two closed subsets R + , one of which demonstrates the possible water levels, while the second one represents the observation period:
diagram space = range of water levels · observation period Time series of changes in water levels in piezometers and the changes in the upstream water levels are generally smooth curves in the diagram space, and therefore, for each point of the water level curve, a tangent vector can be calculated (Fig. 2) .
Let m Pi (t k ) denote a vector tangent to the diagram of the course of changes in the water level in the piezometer P i , calculated at the time t k , and m WG (t k ) a vector tangent to the diagram of the course of changes in the upstream water level, calculated at the time t k . This vector has the following components:
where: t s = time component of the tangent vector at the time t k , measured in units of time; wP i (t k ) = component of the water level in the piezometer P i of the tangent vector at the time t k , measured in water impounding units; wWG(t k ) = component of the upstream water level WG of the tangential vector at the time t k , measured in water impounding units. The components of the metric tensor are calculated as follows:
Such a definition of the components of the metric tensor serves to unify the constituent units of the tangent vector. With the remarks made until this moment the value:
can be considered as a measure of similarity between the curves of the changes in water levels in the analyzed piezometer and the upstream water levels WG. In empirical practice, such curves are not continuous, but broken curves, and therefore the individual components of the tangent vectors are calculated basing on the analysis of increments between successive measurements, and the integration is replaced by summation, which results in the following formula:
The closer the value of C(P i , WG) to 1, the better the process of the changes in the water level in the piezometer P i will reflect the upstream water level. From the definition we obtain C(WG, WG) = 1.
Before performing the analysis of the piezometric data, it is necessary to remove the outliers which may significantly affect the results and cause false assessment or interpretation of the phenomenon which is subjected to this analysis [LACH 2016a; OPYRCHAŁ, LACH 2014] In general, the theoretical distribution of the levels C(P i , WG) for a given piezometer is not known. For this reason, in order to determine the limit value of the measure of similarity between the water levels in the analyzed piezometers and the upstream water level above which it can be stated that there is a hydraulic contact between them, it is proposed that the values of C(P i , WG) are treated as implementations of a certain random variable, and then it is suggested to use the empirical distribution of the levels C(P i , WG) and to calculate a 95%-quantile for this distribution. In the case of the measure of similarity between the water levels in the analyzed piezometers and the upstream water level, a 95%-quantile calculated from the set of values C(P i , WG) allows to conclude that, statistically, 95% of the observations of the values C(P i , WG) adopted the value smaller than, or equal to x 0.95 . Therefore, basing on the sample, it may be expected that if the similarity measure exceeds the level of x 0.95 , then with the probability of at least 95% there is a statistically significant hydraulic contact between a given piezometer and the upstream water level.
In this article, using the statistical tests of Doornik-Hansen, Shapiro-Wilk, Lilliefors and Jarque-Bera, also the hypothesis was verified that the obtained similarity measures C(P i , WG) have a normal distribution. For the confirmation of the normal distribution of the similarity measures, the alternative definition was given of the limit value of the similarity measure, based on the use of quantiles of normal distribution. (Fig. 3) . Statistical analysis was performed in the free software Gretl (version 1.9.90).
RESULTS AND DISCUSSION
Measures of similarity between the water levels in the analyzed open standpipe piezometers and the upstream water level have been divided into nine intervals, for which the number and frequency of their occurrence were calculated (Tab. 4). The table clearly illustrates that the vast majority of the calculated measures of similarity (approximately 41.5%) belongs to the sixth interval (the total of 34 results). Only one measure of similarity was below the value of C(P i , WG) = -0.068119. On the other hand, three piezometers of the dam in Pieczyska had the levels of similarity measures above the value of C(P i , WG) = -0.22206.
Measure of similarity
Frequency, % Source: own study. Table 5 presents the results of statistical tests studying the normality of the distribution of similarity measures C(P i , WG) for the analyzed dam. As the table shows, all four tests definitely rejected the H0 hypothesis regarding the normality of the distribution of the levels C(P i , WG) for the dam in Pieczyska. Source: own study.
Then, calculations were made of the 95%-quantile for the empirical distribution of the levels C(P i , WG), which for the dam in Pieczyska in the period of 2010-2015 reached a value of 0.2108. This result led to the conclusion that, statistically, 95% of the observations of the value C(P i , WG) adopted the value smaller than, or equal to 0.2108. Therefore, on the basis of the sample, it could be stated that if the similarity measure exceeded the level of 0.2108, then with the probability of at least 95% there was a statistically significant hydraulic contact between a given piezometer and the upstream water level. A direct hydraulic contact was identified for only two of the piezometers: P15A (the difference of 0.08376 relative to the 95%-quantile) and P60 (the difference reaching 0.0321 relative to the calculated 95%-quantile).
The relationship between fluctuations in the water levels in the analyzed piezometers of the studied dam was assessed based on the calculation of the correlation coefficients for all the piezometers, thus creating an appropriate correlation matrix [FELLER 2006; ŁOMNICKI 2014] . In order to determine whether a given correlation coefficient is statistically significant (statistically different from zero), appropriate test were carried out, assuming the test significance level equal to α = 0.05. The test statistics in the two-tailed significance test of the Pearson r correlation coefficient has a Student's t-distribution with N -2 degrees of freedom (where N is the number of observations). After determining the number of the degrees of freedom, in order to decide whether the correlation coefficient is statistically significant, the critical value of the test was read for the predetermined significance level α and the correct number of the degrees of freedom. If the absolute value of the correlation coefficient is greater than the critical value, this means that for a predetermined significance level, the calculated Pearson r correlation coefficient is statistically significant [CZAJA, PREWEDA 2000] .
All the calculations were carried out in the demo version of Matlab R2012a. A complement to the test of the statistical significance was the assumption that if the resulting correlation coefficient r exceeds 0.70, the relationship between the variables x and y can be regarded as strong (and due to the positive correlation it is possible to talk about the similarity of the dynamics of x and y), however, in the case when r ≤ 0.3, such a relationship should not be taken into account. If 0.3 < r < 0.7, the relationship between the variables x and y is treated as weak, and also neglected, as in [BYCZKOWSKI 1999] . Such a criterion allowed to measure the strength of the relationship between the analyzed properties. Then, for each piezometer, the number of the cases for which r > 0.7 was calculated, enabling to identify the "source", or the piezometer to which all the piezometers in its surrounding exhibited similar changes in water levels. The maximum correlation coefficient r = 0.9922 occurred for a couple of piezometers P8B-P8C, while the minimum correlation coefficient, which reached the value of r = -0.4233 was identified for a couple of piezometers P63-P150. The vast majority of the correlation coefficients turned out to be statistically significant. Statistical significance, however, does not allow to assess the degree of similarity between the analyzed values. For this reason, Table 6 demonstrates a number of relationships (i.e. the number of correlation coefficients between a given piezometer and the remaining ones exceeding the value of 0.7) for each of the analyzed piezometer of the earth-fill dam in Pieczyska in the years 2010-2015.
The largest number of relationships occurred for the piezometer P15A, and the lack of relationships was demonstrated for the piezometers P124 and P64. The piezometer P15A proved to be the "source", to which the other 72 piezometers (87.8%) in its surrounding exhibited similar changes in water levels (understood as a situation in which the Pearson r correlation coefficient exceeds 0.7). Both piezometers are located on the left abutment of the earth-fill dam in Pieczyska and they confirmed the earlier results obtained by the method of the scalar product.
The results were compared with a graphical method for studying the direction of seepage in earthfill dams, which involved drawing equipotential lines -the lines that connect points of equal hydraulic head in the aquifer. The system of equipotential lines is a map of the underground water table, thanks to which it is possible to infer about the direction of its flow, as well as its shape and head. The equipotential lines for the analyzed dam were prepared in the demo version of Surfer 13. Figure 4 illustrates the system of the equipotential lines for the analyzed dam, which confirms that the piezometer P15A was the "source". Given the high water pressure, it can be concluded that on the left abutment of the dam there were three more source piezometers located (P16B, P13B and P64). However, the number of relationships obtained in their case did not confirm that these piezometers served as the "sources".
CONCLUSIONS
The applied method of the scalar product is the approach devoid of subjectivity, used for determining the direction and intensity of the seepage process. Proper diagnosis of this process can greatly reduce the repair costs of the dam (injections or other methods of sealing), and significantly increase the safety of the existing earth-fill dams. The main conclusions of the works carried out in the research can be formulated as follows:
1. In the case of the earth-fill dam in Pieczyska, in the years 2010-2015, two piezometers (located on the left abutment of the dam and denoted as P15A and P60) exhibited a direct hydraulic connection with the upstream water level (the scalar product approach).
2. For the studied dam, the "source" piezometer turned out to be the piezometer P15A. This fact is confirmed both by the number of connections between the individual piezometers and the resulting system of the equipotential lines for the dam. This article does not exhaust the subject of the analysis of the phenomenon of seepage using the scalar product approach. A deeper analysis of the properties of the matrix of similarity of changes in water levels seems to be one of the promising directions for future research. Such a matrix is a symmetric matrix, because the relationship of similarity is a reflexive relationship. As every symmetric matrix, it can be diagonalized. Then, in the base of eigenvectors, eigenvalues will appear on the diagonal, and the remaining elements of the matrix will be equal to zero. The natural objective of the future research should therefore be the interpretation of the engineering significance of eigenvalues and the search of the engineering interpretation of the determined eigenvectors. This task seems to be an interesting scientific problem, the solution of which can contribute to a better identification and a deeper understanding of the phenomena of seepage which occur in earth-fill dams. 
